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In the context of dwindling energy resources and worsening environmental conditions, the dual-
functional photocatalysis for hydrogen production and pollutant degradation has garnered widespread
attention. This review systematically summarizes the latest advancements in photocatalytic technology
in these two fields. The article first introduces the preparation methods of photocatalysts, focusing on
several promising fundamental materials such as graphitic carbon nitride, metal organic frameworks, and
metal oxides/sulfides. It also discusses in detail the synthesis methods of these materials, including py-
rolysis, wet chemistry, and deposition methods, which are crucial for enhancing the performance of pho-
tocatalysts. Next, the article delves into the applications of dual-functional photocatalysts in hydrogen
production and pollutant degradation, particularly the mechanisms and effects of simultaneous hydrogen
generation and pollutant degradation. It emphasizes the performance and potential of dual-functional
catalysts in these two processes, especially how photocatalysts can achieve both hydrogen evolution and
pollutant degradation concurrently. Finally, the article looks ahead to future research directions, highlight-
ing the challenges faced by dual-functional catalysts in technological applications, including the source of
H atoms in hydrogen production, the common patterns of reaction sites during pollutant degradation,
and the differing properties of oxidation products. It also underscores the potential development oppor-

tunities by utilizing hydrogen sources from pollutants and optimizing catalyst design.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

1. Introduction

efficiently disposing of the abundant pollutants, such as dyes
(e.g., Rhodamine B, methyl blue [8]), heavy metal ions (e.g., Cr(VI)

The escalating consumption and rapid depletion of fossil fuels,
coupled with their profound ecological consequences, have thrust
this issue into the global spotlight. It has become increasingly ev-
ident that pursuing sustainable, renewable energy alternatives is
not merely desirable but imperative for our future [1,2]. In recent
decades, photocatalysis has emerged as a promising technology for
efficient solar energy utilization, exhibiting great potential in var-
ious fields, including hydrogen evolution reaction (HER) [3], pol-
lutant degradation reaction (PDR) [4], CO, reduction (COOR) [5],
biomass conversion [6], NOy abatement [7].

Moreover, the development of dyes and the pharmaceutical
industry leads to abundant pollutant emissions, which can dra-
matically damage the ecosystem of human daily life. Therefore,
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[9,10]), antibiotics (e.g., tetracycline (TC) [11]), residues of phar-
maceuticals and personal care products (PPCPs) in wastewater
(such as naproxen [12], toluene [13]), remains a significant chal-
lenge [14]. Among the myriad emerging techniques for pollutant
degradation, photocatalytic degradation distinguishes itself as
a particularly promising approach due to its environmentally
friendly and pollution-free characteristics.

Meanwhile, due to its high energy density, clean water emis-
sion, and other advantages, hydrogen energy is considered one of
the most promising alternatives to fossil fuels. In the past decades,
photocatalytic hydrogen evolution gradually became a promising
technique for renewable energy conversion, which has been widely
studied [15]. However, the efficiency of photocatalytic hydrogen
evolution is limited by the catalysts’ property, easy recombina-
tion of photogenerated charge carriers, and low transfer efficiency,
as well as low selectivity of traditional photocatalysts for prod-
ucts, resulting in low photocatalytic activity [16,17]. Furthermore,
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Fig. 1. (a) Schematic representation of the key ideal characteristics of dual-functional photocatalysts. (b) Detailed procedure of dual-functional photocatalysts design for
simultaneous organic pollutant degradation and hydrogen evolution. Reprinted with permission [21-23]. Copyright 2021, 2022, 2024, Elsevier.

sacrificial agents, such as methanol, lactic acid, ascorbic acid, and
triethanolamine, are commonly used to generate additional elec-
trons to improve the hydrogen evolution rate during photocataly-
sis. However, these agents are usually toxic and potentially harmful
to the environment, and they are expensive, limiting the sustain-
able development of photocatalytic hydrogen production. There-
fore, researchers must focus on sacrificial agent-free photocatalytic
systems.

Within this field, photocatalytic degradation, simultaneous with
hydrogen evolution, has shown great potential, which has been
widely studied. Some researchers demonstrated a sustainable pho-
tocatalytic wastewater disposal process, while H, is produced,
captured, and further utilized [18]. By combining photocatalytic
degradation via oxidation process with photocatalytic H, evolution,
heavy metal ion reduction, and CO, reduction, e.g., via reduction
reaction, leads to the improvement of efficiency compared to the
pure reaction, which is due to the full utilization of photogener-
ated electrons and pair holes (h*) [19]. However, compared to tra-
ditional photocatalysts with sacrificial additives, the hydrogen evo-
lution rate of bifunctional photocatalysts still has a relatively signif-
icant drawback due to differences in design and functionality [20].
Therefore, it is necessary to design and synthesize efficient dual-
functional photocatalysts for further construction of the coopera-
tive hydrogen production system of organic oxidation.

This review aims to enhance our understanding of dual-
functional photocatalysts that facilitate hydrogen evolution while
simultaneously degrading pollutants (Fig. 1) [21-23]. It summa-
rizes the current advancements in their design, synthesis, and un-
derlying mechanisms.

2. Fundamentals of photocatalysts

Photocatalytic reactions mainly happen at the interface between
the photocatalyst’s surface area and the liquid phase [24]. Conse-
quently, variations in morphology, size, and crystallinity can sig-
nificantly impact the physicochemical properties of nanomateri-
als and the surface chemistry of the photocatalyst, thereby af-

fecting the rate of photocatalytic reactions. Moreover, optimized
conductivity is necessary, which will benefit the rapid separation
and transmission of photogenerated carriers [25]. As shown in
Fig. 1a, ideal dual-functional photocatalysts require affordability,
visible-light absorption, durability, suitable band structure, large
surface area, and efficient charge separation, while common syn-
thesis strategies are summarized in Fig. 1b and Table S1 (Support-
ing information).

2.1. g-C3Ny

At present, g-C3N,4, with its tri-s-triazine framework and diverse
N-functionalities, offers H-bonding, tunable basicity, and Lewis
acidity crucial for catalysis [26]. Strong metal-support interaction
leads to the stability of well-dispersed metal species as isolated
single metal atoms for improving selectivity and catalytic activity
[27].

Bulky carbon nitride can be obtained via thermal conversion
of nitrogen-rich precursors such as cyanamide, dicyandiamide,
thiourea, urea, and melamine. Also, it can be synthesized through
polymerization of nitrogen-rich and oxygen-free precursors (com-
prising the pre-bonded C-N core structure) by physical vapor de-
position (PVD), chemical vapor deposition (CVD), solvothermal
method, and solid-state reactions [28]. Due to the 2.7 eV band gap,
g-C3N4 is capable of carrying photocatalytic activity in the visible
light irradiation without additional noble metal for co-catalyst [29].
Over the years, extensive efforts have focused on enhancing g-C3N4
to mitigate charge recombination and optimize band structure, us-
ing various modification techniques: (1) Structural alterations to
optimize performance [30]; (2) Strategic doping to introduce bene-
ficial properties [31,32]; (3) Integration with carbonaceous materi-
als for improved conductivity [33]; (4) Formation of heterojunction
composites to facilitate charge separation [34,35].

Wei et al. synthesized optimal 2 %Bi/g-C3N4, which demon-
strated a H, evolution rate of 35.9 umol/h, simultaneous with 5.3 %
amoxicillin degradation in 2 h (Figs. 2a-c) [36]. The metallic Bi ex-
hibited the spherical morphology, while the g-C3N4 showed the
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Fig. 2. (a) Scanning electron microscopy (SEM) image of 2 %Bi/C3N,. (b) Photocat-
alytic hydrogen evolution. (c) The rate of hydrogen evolution of C3N4 with differ-
ent Bi loading content. Reprinted with permission [36]. Copyright 2023, Elsevier.
(d) Schematic illustration of C3N,4/Pt/TiO, nanowire structures. (e) Illustration of the
photo-charges transfer and separation as well as consumption in the RuO,@TiO,@Pt
during coupled photocatalytic H, production and organic pollutant degradation.
Reprinted with permission [37]. Copyright 2019, Royal Society of Chemistry.

sheet-like appearance, respectively. The presence of amoxicillin in
the reaction acted as a sacrificial reagent, consuming holes and
reducing electron-hole recombination, while also providing hydro-
gen atoms, which significantly enhanced hydrogen production effi-
ciency compared to pure water. These diverse modification strate-
gies aim to overcome the inherent limitations of g-C3N,4 and fur-
ther unlock its full potential for various applications in photocatal-
ysis, energy conversion, and environmental remediation. More-
over, Dou et al. synthesized the core-shell g-C3N,4/Pt/TiO, nanowire
structures with an 8.93 pumol/h H, evolution rate in 15 mg/L Rho-
damine B (RhB) solution [37]. In this system, g-C3N4 forms a core-
shell structure with Pt/TiO, nanowires (Fig. 2d), where TiO, tunes
the band structure (Fig. 2e), and Pt promotes heterojunction syn-
ergy, enhancing electron transfer and active site generation.

2.2. Metal-organic frameworks (MOFs)

MOFs have been considered as one of the most promising ma-
terials presently [38-40]. As depicted in Fig. 3a, MOFs are assem-
bled by metal ions or clusters cooperating with organic ligands,
which further extend networks [41]. MOFs’ large surface areas and
tunable structures enable enhanced light absorption, charge sepa-
ration, and reactivity, with customizable metal ions, linkers, pore
sizes, and functional groups creating abundant, selective active
sites for photocatalysis [42]. The MOF-based photocatalysis mech-
anism involves: (a) Light absorption via linkers or photosensitive
units to generate electron-hole pairs, (b) efficient separation and
transfer of these pairs to active sites, and (c) tailored active sites
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that facilitate specific reactions through metal or linker modifica-
tion [5].

However, using MOFs in the field of photocatalysis remained a
drawback (Fig. 3b). To solve such a hindrance, engineering of de-
fects, optimization of the calcination time, temperature, and envi-
ronment, and engineering MOF-derived semiconductors with het-
erojunctions are always acquired [43]. MOFs are promising dual-
functional photocatalysts that simultaneously generate hydrogen
from water and oxidize organic molecules, offering a sustainable
alternative to toxic sacrificial electron donors. As illustrated in Fig.
3c, Abazari et al. synthesized fluorinated MOF(Cu)-NH, and fur-
ther co-catalyzed with Pt nanoparticles for RhB degradation simul-
taneously with H, evolution [44]. The H, evolution rate reached
63.64mmol g-! h~! due to the enhanced visible-light absorption
and decrease of electron-hole pair recombination. Besides the sup-
port materials, MOFs were also used as the sacrificial reagents for
the formation of semiconductors. Kampoiuri et al. developed a syn-
thesis strategy for Ti-MOF-derived semiconductors (Figs. 3d and
e). X-ray diffusion (XRD) analysis (Figs. 3f and g) showed that Ti-
MOF MIL (materials of institute Lavoisier)-125-NH, gradually de-
composes with increasing temperature, forming amorphous TiO,
at 400°C and metastable anatase at 500 °C [45].

2.3. Metal oxides/sulfides

Metal oxides and sulfides, abundant on Earth, are feasible and
widely used as photocatalysts (TiO, ZrO,, CdS, MoS, and ZnIn,S,4)
for energy and environmental applications, with S and O providing
coordination sites to stabilize metal atoms [46-51].

TiO, is widely used for its stability, durability, low cost, and low
toxicity, but its narrow light absorption and high electron-hole re-
combination limit practical applications [52]. Based on such limita-
tions, many methods have been developed to enhance highly pho-
tocatalytic efficiency, such as doping [14], coupling [37], and solid
solution of semiconductors [53]. Hu et al. synthesized Cu,0 film
via the electrochemical deposition method, followed by TiO, coat-
ing on the surface [54]. TiO,-Cu,0 photocatalysts simultaneously
degraded BDE47 (up to 90 % under UV/visible/solar light) and pro-
duced H, (514.5 pmol/h), with Cu,0 particles of 100-300 nm coated
on TiO, and a film thickness of 37.65um (Figs. 4a and b).

Compared to metal oxides, metal sulfides have narrower
band gaps and more sulfur coordination sites [55]. CdS pro-
vides tunable vacancies and strong light absorption but suf-
fers from slow charge migration, high carrier recombination, and
photo-corrosion, limiting its stability [56,57]. Zhang et al. used
MoS, quantum dots-decorated ZnIn,S; on reduced graphene ox-
ide (MoS,QDs@ZnIn,S,@RGO) for RhB degradation simultaneously
with hydrogen evolution [58]. ZnIn,S,; sheets grew uniformly
on RGO, forming a sheet-on-sheet structure that persisted af-
ter MoS,QDs loading (d-spacing 0.27 nm, Figs. 4c-f). The compos-
ite achieved H, evolution of 45.33umol/12h in RhB and supe-
rior RhB degradation, while time-resolved transient photolumines-
cence (TRPL) showed reduced electron lifetimes (from 75.57 ns to
12.05 ns), indicating faster charge transport (Figs. 4g and h).

In addition to g-C3N,4, MOFs, and metal oxides/sulfides, various
novel materials have demonstrated potential in bifunctional pho-
tocatalysis in recent years. These include boron carbonitride (e.g.,
BCN) [59], metal nitrides (e.g.,, TiN/TiO) [60], and transition metal
carbides (e.g., Mo,C) [61].

3. Synthesis method

A robust fundamental material is key for efficient bifunctional
photocatalysts, with synthesis methods and surface modifications
as morphology engineering, metal or nonmetal doping, and semi-



H. Bi, G. Yang, Q. Liu et al.

Chinese Chemical Letters 37 (2026) 112463

(a) (c)
LJ
5% 308, E108
B
g+ Fluorinated MOF(Cu)-NH,
(h) i Active in 7 .‘
i photocatalytic ultraviolet ‘ un . 70 °C
efficiency region
High
S’urfacearea 1
. 5 Low chemical 102v ”“
High charge o H
1 R stability and
| recombination S
H conductivity
100
(d) » ——MIL-125-NH, (e)
MIL-125-NH,
80
2 .
% nl =5,
3 L RARA
Z 60 ’23‘”' v
k) ol oy that —
2 50 *VT :
'7&“"1‘"3'
40 MR
30
20 T T T T T T T
100 200 300 400 500 600 700 800
( f) Temperature (°C) (g)
800°C B 800°C
3 | < ‘Bl |
< | | 700°C <4 | | 700°C
| A Y WO P, 'k 2 i ke A M A
2 g g #
s 600°C 8 | 600°C
1= £ A A
| s imsaera—x B I AT
2 L 500°C 8 I 500°C
= o YT T SEE | S e | U, S (SN
g R S g ey /
s A\ 400°C s 1 ; 400°C
] oI AN\ T, VRE
Gray Anatase Gray: Anatase|
| | Rea: Rutile 7 | J Red: Rutile
Lo L 1 ) A 4 A 3. e 8 S—v— |
5 10 15 20 25 30 35 40 45 S0 55 60 65 70 é "0 |'5 2'0 2'5 3'0 3‘5 4'0 4‘5 5'0 5'5 eb 6'5 70

20 (deg)

20 (deg)

Fig. 3. (a) Schematic illustration of Co MOFs and Co MOFs-derived photocatalyst. Reprinted with permission [41]. Copyright 2019, Wiley. (b) Drawbacks of MOFs for pho-
tocatalysis. (c) Synthesis of the fluorinated MOF(Cu)-NH, for photocatalytic H, evolution and mechanism of dual-functional photocatalysis. Reprinted with permission [44].
Copyright 2023, American Chemical Society. (d) Thermo-gravimetric analysis (TGA) curve of MIL-125-NH, obtained under a flow of air at a heating rate of 5 °C/min. (e)
Schematic illustration of the synthesis procedure of MIL-125-NH,-derived TiO,. (f, g) XRD patterns of the as-synthesized MIL-125-NH,-derived and TiH,04-derived TiO,,
respectively. (d-g) Reprinted with permission [45]. Copyright 2018, American Chemical Society.

conductor coupling (Table S1), which greatly enhances hydrogen
evolution and pollutant degradation [62].

3.1. Pyrolysis from different precursors

Pyrolysis requires different precursors that decompose at el-
evated temperatures under different atmospheres. In the past
decade, a series of heteroatom-doped bifunctional photocatalysts
have been synthesized via pyrolysis [63,64]. At present, the pre-
cursors can be concluded as metal-organic frameworks (MOFs)
[65], ZIF-8 (zeolitic imidazolate framework-8) [64], biomass mate-
rial [66,67], small molecules [68,69], polymers [12,70] and other
categories.

As shown in Figs. S1la and b (Supporting information), two
typical ways of biomass and g-C3N4 as precursors for pyroly-
sis are schematized, respectively. High temperature leads to en-
hanced graphitic structure. However, single atoms always acquire
high surface energy, which results in sintering and deactivation.
Zhang et al. synthesized Bi-MOF-derived single metal atom-doped
photocatalysis via pyrolysis under different temperatures [65]. As
shown in Fig. S1c (Supporting information), above 450°C, sur-
face Bi nanoparticles shrink faster than central ones, and after
500°C, NH3 from dicyandiamide (DICY) both accelerates Bi at-

omization and promotes nitrogen incorporation into the carbon
network. Wei et al. also reported the same characteristics during
the pyrolysis [71]. Increasing pyrolysis temperature and time en-
larged nanoparticle size while reducing their number, indicating
concurrent sintering and atomization (Figs. S1d and e in Support-
ing information); this method enables heteroatom-doped photocat-
alysts, but temperatures above 900°C may degrade semiconductor
carriers.

Oxygen/nitrogen functional groups in GO or CNNTs (carbon
nitride nanotubes) are capable of capturing and drafting metal
cations [25]. Small molecules are increasingly used as precur-
sors, carbon/nitrogen sources, or ligands for photocatalyst synthe-
sis, with oxygen- and nitrogen-rich organics being preferred, such
as phthalocyanine [72], porphyrins [73], and melamine [74]. In the
past decade, research has focused on the M-Nyx sites, which were
generated from coordination between metal ions and N and other
heteroatoms [69,71]. Mateen synthesized atomic sites embedded
1D carbon nitride nanotubes (Mo!@CNNTs) from melamine (Fig.
S1f in Supporting information) for TC degradation, simultaneously
with hydrogen evolution [75]. Density functional theory (DFT) cal-
culations (Fig. S1g in Supporting information) showed that Mo
atoms anchored by pyridinic N atoms in the C/N framework re-
tain geometry and enhance charge transfer, improving photocata-
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Fig. 4. (a) BDE47 degradation pathway simultaneous with H, evolution mechanism.
(b) SEM images of Cu,O film. Reprinted with permission [54]. Copyright 2017, Else-
vier. SEM images of (¢) ZnIn,S4@RGO1 and (d) 5MoS,QDs@ZnIn,S,;@RGO1. Trans-
mission electron microscopy (TEM) images of MoS,QDs@ZnIn,S,;@RGO (e, f). H;
production and simultaneous pollutant degradation over MoS,@ZnIn,S,;@RGO un-
der simulated solar light for 12 h: (g) Accumulation of H, production, (h) simul-
taneous H, production with pollutant degradation. Reprinted with permission [58].
Copyright 2017, Elsevier.

lyst stability. Similarly, N/C-rich polymers like polymerized PDEB
can serve as anchoring matrices [76], polydopamine (PDA) [77],
and polyaniline (PANI) [70,78], have been used for synthesis with
M-N-C sites.

3.2. Wet chemical method

The wet chemical method, favored for its simplicity, cost-
effectiveness, and scalability, enables controllable synthesis and
tunable physicochemical properties of metal sulfide photocatalysts
through adjustment of process parameters [79]. As shown in Figs.
5a-h, Wang et al. synthesized the dual-functional ZnIn,S;@CuCo,Sy4
photocatalyst for hydrogen evolution from wastewater, which con-
cluded synthesis of CuCo,S4 as a base material via hydrothermal
at first, followed by ZnIn,S,; (ZIS) dispersing on CuCo,S; (CCS)
[21]. CuCo,S4 showed a flower-like spherical structure of intersect-
ing nanosheets with particle diameters of approximately 1-2pum
(Fig. 5a). The images after the in situ growth of ZIS on CCS (Fig.
5b) revealed that stacked CuCo,S; was converted into small na-
clusters, followed by adhering to the 2D layer of ZIS. Tao et al.
synthesized a novel dual-functional 0D Cdgs5Zngs5S/2D Ti3Cy hy-
brid, which was fabricated by a solvothermally in situ generated
assembling method [80]. As shown in Fig. 5i, 2D Ti3C, was syn-
thesized by LiF/HCI etching of TisAIC,, followed by in situ growth
of Cdg5Zng5S; their combination formed a Schottky heterojunction
that suppressed electron-hole.

Chinese Chemical Letters 37 (2026) 112463
3.3. Deposition

Electrochemical deposition is a versatile and effective method
for fabricating dual-functional photocatalysts. This technique in-
volves the controlled deposition of metal/nonmetal atoms onto
various support materials using electrochemical processes [81].

During the photochemical deposition, metal precursors in solu-
tion are reduced to single atoms or nanoparticles under ultraviolet
light. In general, there are two pathways for this approach: One is
the liquid-phase method, and the other is the solid-phase method.
It is worth noting that the preparation process was straightfor-
ward for batch preparation. As illustrated in Figs. 5j-n, sheaf-
like TiO, was first synthesized, followed by Au deposition under
a 350 W Xe lamp light source [82]. The synthesized Au/meso-
TiO, exhibited the characteristic features of mesocrystal struc-
tures, including a substantial surface area of 211.3 m2/g and high
crystallinity.

Other efficient synthesis techniques, such as (atomic layer de-
position) ALD, ball milling, microwave-assisted, and impregnation
methods, are widely used for photocatalysts but rarely for dual-
functional ones, highlighting opportunities for further research
[83-86].

4. Hydrogen production and pollutant degradation via
photocatalysis

4.1. Hydrogen production

Modern society heavily depends on fossil energy, and H, pro-
duction techniques, such as methanol/methane steam reforming,
natural gas reforming, and water splitting, have been extensively
studied [87]. Among these, photocatalytic overall water splitting
(OWS), which decomposes water into H, and O,, is considered an
ideal method for H, production (Eq. 1).

H,0 — H, + 1/20,, AG =237 kj/mol (1)

For suitable photocatalytic semiconductors, the conduction
band minimum (CB) should be more negative than the redox po-
tential of H*/H,. The maximum of the valence band (VB) should
be more positive than the redox potential of O,/H,0 [88].

Besides the thermodynamic, photocatalysts with narrow band
gaps to maximize solar light absorption and appropriate band po-
sitions are essential prerequisites for effective photocatalytic water
splitting [89]. However, narrow band gaps hinder photogenerated
charge separation, and rapid recombination (ps-ps) further limits
efficiency; effective photocatalytic H, evolution relies on light ab-
sorption, charge separation/transport, and surface catalytic reac-
tions [90]. For the photocatalytic OWS, the generated H, and O,
gases should be observed in a stoichiometric ratio of 2:1, as per
the balanced chemical equation. The OWS reaction can be sepa-
rated into two half-reactions (Egs. 2 and 3):

2H* 4+ 2e~ — H, (HER) (2)

H,0 + 2h* — 1/20, (OER) 3)

Due to the high energy barrier of overall water splitting (OWS),
sacrificial agents are often used to study half-reactions, which
are thermodynamically more feasible (AG < 237 kJ/mol, often
negative). Researchers increasingly use biomass oxidation as a
hole-scavenging strategy, enabling simultaneous H, production and
value-added chemical synthesis. Moreover, Li et al. prepared Pd-
loaded CdS photocatalysts for water splitting, with CdS-Pd (3.83 %)
achieving H, evolution rates of 947.93umolg~! h~! without and
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7335.85umolg~! h~! with sacrificial agents (Figs. 6a-c) [91]. As
shown in Figs. 6d-f, photocatalysts maintained good stability af-
ter four months of cycling. As illustrated in Fig. 6g, a large num-
ber of bubbles appeared under outdoor sunlight irradiation, which
provided the visual evidence to demonstrate the high efficiency of
CdS-Pd (3.83 %o). The water splitting process was demonstrated to
be the rate-controlling step of HER via DFT calculation and XPS
spectra (Fig. 6h), and CdS-Pd displayed a smaller activation barrier
(0.93eV) than pure CdS (1.31eV). Besides noble metals, transition
metal atoms offer significant advantages by reducing the reliance
on noble metals and overcoming the activity limitations associated
with noble metal atoms. For example, Wang et al. synthesized Co-
O-Pt dimers on TiO,, which outperformed single-atom Pt catalysts
in H, evolution by altering the electronic structures of Pt and Co
for improved metal utilization [92].

Compared to metal oxide/sulfide, MOFs and g-C3N4 have a
higher specific surface area, which is capable of providing more ac-
tive sites during catalysis. Zhuang et al. synthesized lignin-derived
carbon and further anchored Pt single atoms via Pt-N4 coordi-
nation effect to synthesize Pt-NLCDs (nitrogen-doped liquid crys-
tal devices) photocatalysts [93]. The stable Pt-N4 structure bene-
fited the charge accumulation on the Pt single atoms. Based on

the simulation results (Figs. 6i and j), only pyridinic N could form
Pt-N4 coordination structure, and such a structure is equipped
with 7 — * and n— 7* electron transitions, which make it an
ideal cocatalyst for photocatalytic H, evolution. In addition, the
partial density of states (DOS) of Pt-NLCDs was also recorded
to demonstrate that the p electrons of nitrogen contribute most.
This coordination structure enables the loaded Pt single atoms
to accumulate more negatively polarized charges, effectively shift-
ing their d-band centers closer to the Fermi level. This shift en-
hances the dissociation of H,. By further combining CdS and Pt-
NLCDs (Pt-NLCDs@CdS), the heterojunction effect was enhanced,
thus benefiting the transportation of photogenerated electrons. Fi-
nally, Pt-NLCDs@CdS reached hydrogen evolution rates of 46.10
mmol h~! g=1. Guo et al. developed a novel catalyst composed of
a CdS/Ni-MOF composite with an optimal CdS loading of 40 wt%,
which demonstrated an impressive hydrogen production rate of
2508 umol g=! h~! under visible light [94]. This rate was approx-
imately eight times greater than that of pure CdS. Ni-MOF acted
as an efficient platform for the rapid transfer of photogenerated
electrons, resulting in enhanced photocatalytic performance. And
wildly speared Ni2t catalystic sites also benefited the hydrogen
evolution.
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4.2. Pollutant degradation ders, carcinogenicity, and ecological disruption, largely due to un-
treated industrial effluent discharge [8,95]. Apart from printing and
dyeing pollutants, residues of pharmaceuticals and personal care
products (PPCPs) gradually become another threat in the aquatic
ecosystem [96-98]. As summarized in Fig. 7, light excitation gener-
ates electron-hole pairs on the photocatalyst, where electrons form
‘0~ and H,0,, and holes oxidize H,O and *O,~ to produce ‘OH
and other reactive species.

In printing and dyeing wastewater, inorganic heavy metal ions,
organic dyes, and antibiotic wastewater threaten human health and
the natural environment [10]. Textile wastewater commonly con-
tains heavy metals (Cr, Pb, Cd, Zn) and synthetic dyes (e.g., RhB,
methyl blue). These contaminants pose serious risks through bioac-
cumulation and toxicity, including neurological and renal disor-
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Fig. 7. Schematic illustration of photocatalytic degradation mechanism.

Recent research has focused on various methods for removing
these contaminants from wastewater. Photocatalysis has emerged
as a powerful tool for environmental remediation, demonstrating
exceptional efficacy in the photocatalytic degradation of organic
and inorganic pollutants. Shangguan et al. developed a CuFeS, co-
decorating with Ag(I) and Ag(0) 3.63 wt% loading content for syn-
ergistic Cr(VI) and RhB removal [10]. As shown in Fig. S2a (Sup-
porting information), the band gap decreased by 1.21 V at most
with Ag loading. Therefore, Ag(0) and Ag(l) single atoms could ef-
fectively separate photon-generated carriers, which resulted in the
enhanced effect of Cr(VI) and RhB degradation. Besides, a large
specific surface area provides more active sites for pollutant ad-
sorption. However, loading the content of single atoms benefits
the effect of degradation in a certain range. Xu et al. developed
an atomically Pt-anchoring nanoporous TiO, film with exposed
[001] facets [99]. As illustrated in Figs. S2b-e (Supporting infor-
mation), TiO, with 0.1 wt% Pt loading degraded most ethenzamide
and reached the highest apparent rate constant (0.108 min~1),
and ethenzamide was degraded within 15 min. Pt single atoms
acted as electron centers in {001}, which optimized the conver-
sion of surface hydroxyl groups to hydroxyl radical groups. More-
over, molecular oxygen was combined with generated photoelec-
trons in {101} facets, which resulted in the creation of *O,~. The
enriched heteroatoms (such as N, O, S, B) coordination environ-
ment could generate new functional electronic states and active
sites, and thus change the mechanism of catalytic reactions. Wang
et al. fabricated the single-metal-atom-oxides-based (WOs3) pho-
tocatalyst, which demonstrated a new mechanism of single-site
catalysis called quasi-atom physics [100]. An electron in the spin-
up orbital was excited and thus promoted to the lowest occupied
molecular orbital +1 state, which resulted in the generation of
the photogenerated electrons. Due to such a mechanism, single-
tungsten-atom-oxide (STAO) resulted in a 0.24 s~! degradation rate
and 64.82 % of apparent quantum yield (AQY) of dyes. Besides a
certain electron structure, combining specific microstructure with
defect engineering of support could result in the modification of
the degradation of the pollutant. Zhang et al. introduced N vacancy
to tubular porous g-C3N4 (Nv-TCN) with atomically dispersed Mo
(Mo/Nv-TCN) via gas etching [101]. The large specific surface area
of the tubular morphology helped to prevent the cluster of Mo
atoms, while the nitrogen defect facilitated the formation of a sta-
ble Mo-2C/2N configuration between the light absorbers and the
Mo sites. Introduced N with exposed lone pairs of electrons could
form hydrogen bonds with H-containing groups in TC. And Mo sin-
gle atoms might have surface complexation with the polar func-
tional groups of TC molecules. All these interactions optimized the
adsorption effect of Mo/Nv-TCN. As shown in Figs. S2f-i (Support-
ing information), while 10-Mo/Nv-TCN with Mo loading content
1.21 wt% had the highest degradation efficiency, the Mo content in

Chinese Chemical Letters 37 (2026) 112463

10-8Mo/Nv-TCN was not the highest, which was similar to other
studies. Furthermore, the degradation pathway of TC was detected
by mass spectrum (Fig. S2j in Supporting information). TC was con-
verted into CO,, H,0, or other small molecules after hydroxylation,
dehydroxylation, ring-opening, deamination reaction, and mineral-
ization reactions. As shown in Figs. S2k-o (Supporting information),
compared with TCN, the N vacancy impaired the conjugation struc-
ture of the triazine ring, which broke the delocalized = bond, thus
resulting in the uneven distribution of charge.

4.3. Pollutant degradation simultaneous with hydrogen evolution

Over the past decades, converting waste, such as wastewa-
ter, waste gases, and cellulose, into hydrogen has been explored,
enabling simultaneous photocatalytic H, evolution and pollutant
degradation, as shown in Fig. S3a (Supporting information) [102].

4.3.1. Photocatalytic hydrogen evolution simultaneously with
pollutant degradation

In the early 2000s, Li et al. were one of the first groups to inves-
tigate the hydrogen evolution simultaneously with pollutant degra-
dation on TiO,/Pt [103]. Oxalic acid, formic acid, and formaldehyde
were used as electron donors under UV irradiation, respectively.
Through in situ attenuated total reflection infrared spectroscopy
(ATRIR), the authors suggested that the photocatalytic performance
of different electron donor systems could be related to the nature
of the interaction between the electron donor and the surface site
of TiO,. The strong adsorption of electron donors on TiO, was con-
ducive to electron transfer and H, evolution.

At present, it is difficult for H, production to occur simultane-
ously with pollutant degradation in one system since the pollutant
degradation is usually an aerobic process, whereas hydrogen evo-
lution is an anoxic one. During the process of pollutant degrada-
tion, *0,~ is required, which is generated from the reaction be-
tween O, and photo-generated electrons (e~). On the contrary, O,
is not preferable for hydrogen evolution since O, is capable of ox-
idizing H, to H,0. Even so, researchers have strived to combine
these two purposes in one single system to achieve dual-functional
photocatalysis [104]. There are two ways for pollutant degradation,
simultaneous with hydrogen evolution. One is the ‘O, -mediated
way, another is the non-"O, -mediated way [105]. The former re-
quires *0,~ generating from O, for pollutant degradation, which
consumes electrons and thus weakens the activity of hydrogen
evolution. And ‘O,~ generation should satisfy the thermodynamic
requirements (—0.046 eV vs. normal hydrogen electrode (NHE), pH
0). The latter requires holes (h*) in the valence band of a semi-
conductor reacting with H,O to generate ‘OH or pollutant degrada-
tion, which requires the VB position to be more positive than 2.38
eV (vs. NHE, pH 0). In this pathway, electrons for hydrogen evo-
lution proceeds well but pollutant degradation is hindered [105].
This is mainly due to the active species in pollutant degradation
being demonstrated to be ‘O, ~ instead of "OH [103].

For simultaneous H, production and pollutant degradation, pol-
lutants must act as electron donors to enhance photogenerated
electron transfer and suppress electron-hole recombination. More-
over, the oxidative degradation of organic pollutants can be carried
out at the same time as the hydrogen reduction of water, which
can realize the coordination of pollutant removal and hydrogen
evolution. It is advantageous to generate electrons during the pol-
lutant oxidation process, as these electrons can be utilized for the
reduction of protons or H,0. On the contrary, the photocatalytic
degradation of some pollutants is difficult to cooperate with hy-
drogen evolution because it is difficult to be fully mineralized [20].
In addition, the redox potential of some organic pollutants can not
match the energy band position of the photocatalysts, which is not
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conducive to electron transfer and makes it difficult to achieve si-
multaneous hydrogen production. Besides, irradiation intensity can
enhance the degradation rate of organic pollutants but may com-
promise H, evolution efficiency [106]. The solution pH affects sur-
face charge and band-edge positions, influencing both pollutant ox-
idation and proton reduction processes [107]. Additionally, the type
of sacrificial agent governs the competition between organic oxida-
tion and hydrogen generation, thereby modulating the overall dual
functionality [108].

Regarding the origin of hydrogen, some researchers have sug-
gested that it is derived from H,O or protons, while pollutants are
ultimately mineralized or decomposed into CO, and H,O. Jiang et
al. used quantum-dot-modified g-C3Ny4 catalysts for p-chlorophenol
(4-NP), bisphenol A (BPA), and TC photocatalytic degradation si-
multaneously with hydrogen evolution (Fig. S3b in Supporting in-
formation) [109]. Their group employed liquid chromatography
mass spectrometry (LC-MS) to investigate the reason for the dif-
ferent photocatalytic rate of hydrogen production in the presence
of different organic pollutants. As shown in Figs. S3c and d (Sup-
porting information), no hydrogen was generated during the degra-
dation of organic pollutants, which proved that the hydrogen was
evolved from water splitting instead of the decomposition of or-
ganic pollutants. Moreover, the consumption of electrons by 4-
NP hindered the rate of hydrogen evolution, indicating that the
hydrogen evolution rates are influenced by the types of pollu-
tants present. Liu et al. reported similar results [110]. As shown in
Fig. S3e (Supporting information), the Znln,S4-based 3-D nitrogen-
doped carbon cage (NGC) encapsulated ultrasmall MoC nanopar-
ticles (MoC@NGC/ZIS) were used for RhB degradation simultane-
ously with hydrogen evolution. The photogenerated electrons were
transferred from ZIS to MoC via NGC, and reduced protons or H,O
to H,. And the paired holes at the VB of the ZIS degraded RhB into
small molecules. In general, hydrogen originates from the reduc-
tion of H,O or protons by photogenerated electrons. Therefore, it
is essential to design specific structures of photocatalysts that en-
hance the efficient separation of photoexcited electron-hole pairs,
enabling the simultaneous degradation of pollutants and the pro-
duction of photocatalytic H,.

Cho synthesized TiO, modified with graphene oxide (GO) along
with Pt and fluoride (F) for 4-chlorophenol (4-CP) degradation si-
multaneously with HER [105]. As shown in Fig. 8a, prepared sam-
ples showed about 20 umol H, evolution in 7 h and approximately
80 % 4-CP degradation. Both Pt/GO/TiO,-F and Pt/TiO,-F demon-
strated significantly enhanced hydrogen production compared to
Pt/GO[TiO, and Pt/TiO,, respectively, while the H, production from
TiO, and F-TiO, was minimal. Notably, Pt/GO/TiO,-F exhibited su-
perior activity compared to both Pt/TiO,-F and Pt/GO/TiO,. This
indicates that the ternary hybrid components (Pt, GO, and F)
work synergistically to significantly enhance hydrogen production.
Similarly, the degradation rates were highly enhanced only with
Pt/GO/TiO,-F and Pt/TiO,-F and limited or insignificant with other
catalysts (Fig. 8b). As a result, the coexistence of Pt and F is crucial
for achieving dual photocatalytic activity, while the incorporation
of graphene oxide as a third component further enhances this ac-
tivity. As illustrated in Figs. 8c-f, TiO, was used to generate elec-
trons and holes, GO and Pt were introduced to conduct electrons,
surface fluorination replaced the surface hydroxyl groups, which
reduces the hole-trapping efficiency. As a result, the trapped elec-
trons in Pt had a longer lifespan, allowing them to preferentially
react with protons and water rather than with surface-trapped
holes, which facilitated the simultaneous production of hydrogen
and the degradation of organic substrates.

He et al. synthesized Bi single atoms modified on Znln,S,,
achieving hydrogen production rates of up to 3658.8 pmol g1 h~!
and PhCH,OH degradation rates of 1030.4 pmol g-! h=' [111]. The
introduced Bi formed the Schottky junction with ZnIn,S4 (ZBIS-1);
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electrons were transferred from the conductive band of Znln,S4 to
the atomically dispersed Bi, resulting in the formation of holes in
the valence band of ZnIn,S4. And covalent Bi-S coordination bonds
in ZBIS-1 improved charge mobility and thus enhanced photocat-
alytic activity, which was demonstrated by DFT calculation (Fig.
8g). As shown in Fig. 8h, EPR revealed that the groups centered
on carbon-free radicals were generated under the light irradiation,
which indicated that the degradation process of PhCH,OH was in-
deed triggered by the photocatalyst driven by visible light. More-
over, they extended to different aromatic alcohols and found that
the electronegativity of the R group in R-PhCH,OH (R=Me, OH, Cl)
would affect the catalytic activity (Fig. 8i).

4.3.2. Photocatalytic hydrogen evolution simultaneously with organic
conversion to value-added products

In the late 1970s and 1980s, experiments were initiated to uti-
lize organic substrates for photocatalytic dehydrogenation. During
this period, the conversion of carbohydrates into hydrogen gas was
investigated, a process commonly referred to as photoreforming.
Similar to dual-functional photocatalysis, photoreforming refers to
the hydrogen evolution from organic compounds. Recently, re-
search has increasingly focused on transforming dehydrogenated
organic substrates into value-added organic products, such as ben-
zylamine [22], benzaldehyde [80], aldehydes [6], and other com-
pounds.

As shown in Fig. 8j, She et al. synthesized a sandwich-like
Pd@TiO,@ZnIn,S,4 nanobox via the wet chemical method, which
exhibited a superior hydrogen evolution rate of 5.35mmol g~! h~!
and a benzylamine (BA) conversion rate (>99 %) [22]. Compared to
the commonly used sacrificial agents, H, evolution rates achieved
the highest (Figs. 8k-n). As shown in Fig. 80, upon exposure to sim-
ulated solar light, both hollow TiO, and ZnIn,S; were activated,
generating electrons and holes. The conduction band was posi-
tioned higher than that of TiO,, while its valence band was lower.
This allowed electrons to transfer from the CB of ZnIn,S4 to that
of TiO,, with holes being collected at the VB of ZnIn,S,. The elec-
trons were then utilized to reduce H,O and protons for hydrogen
production, and the holes facilitate the oxidation of benzyl alco-
hol (BA). Tao et al. synthesized Ti;C, nanosheets decorated with
Cdy.5Zng 5S nano-spheres, resulting in the formation of the Schot-
tky barrier [80]. The increased number of Schottky barrier sites re-
sulting from a larger contact area can effectively inhibit the recom-
bination of photogenerated electrons and h*. Notably, it simultane-
ously achieved a hydrogen evolution rate of 5.3 mmol g-! h~! and
a benzaldehyde generation rate of 29.3mmol g~! h~! when ben-
zyl alcohol was employed as a sacrificial agent. These rates were
approximately 3.2 times and 2.0 times higher, respectively, than
those of pristine Cdgs5ZngsS. For pristine CdgsZngsS, the photoin-
duced electrons generated from the VB could jump to the CB and
then combine with the protons in H,O to produce H,, the H, origi-
nated from the H,O and protons. Moreover, Liu and his co-workers
were one of the first researchers to study the simultaneous produc-
tion of H, and valuable organic chemicals via MOF-based material
(Pt/PCN-777) [112]. Their group used benzylamine as the sacrificial
agent for proton reduction, which avoided water oxidation reaction
and achieved a hydrogen evolution rate of 332pmol g-! h-1.

4.3.3. Hydrogen evolution simultaneously with wastewater splitting
in real life

Achieving complete mineralization of organic pollutants during
tertiary wastewater treatment via photocatalytic oxidation can be
challenging. This difficulty arises because, during the process, sev-
eral heavier organic molecules (in terms of molecular weight) are
converted into smaller intermediate molecules rather than being
fully transformed into CO, and H,0. However, these intermediate
organic products are better suited for use as electron donors in
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photocatalytic H, evolution [113]. Moreover, pollutants can hardly
be degraded under anoxic conditions. Based on these, Huang et
al. reported a cascading oxic-anoxic photocatalytic process to pro-
duce H, from natural organic matter (human acid (HA)) [114].
As shown in Fig. S4 (Supporting information), this technique con-
cluded two processes: Photocatalytic oxic pre-treatment of organic
matter and photocatalytic hydrogen production under anoxic con-
ditions. Moreover, oxygen-containing intermediates served as elec-
tron donors. The use of a dual-functional photocatalyst to recover
energy from wastewater is not only a sustainable approach but also
has the potential to reduce the overall costs of wastewater treat-
ment. While significant progress has been made in visualizing the
practical applications of this field through extensive research ef-
forts in recent years, there remain several challenging issues to
address, particularly concerning the photocatalytic activity of the
materials. For example, there are very few studies that exhibit a
high rate of H, evolution. Therefore, future research should focus
on developing efficient and durable dual-functional photocatalysts,
exhibiting wide light absorption and low charge carrier recombi-
nation rates.

5. Future perspective

For hydrogen evolution, it is essential to identify the sources
of hydrogen first. Although the antibiotic serves as a sacrificial
reagent, in most studies, hydrogen is generated from an H,O split-
ting reaction, which requires a high energy. Therefore, it is critical
to utilize the hydrogen generated from the oxidation of pollutants.
Furthermore, it is crucial to determine whether the antibiotics con-
tribute to this process, as this insight is vital for understanding the

10

conversion of waste to energy. Secondly, the experiments are con-
sistently conducted under anaerobic conditions, which benefits the
hydrogen production. However, pollutants can hardly be degraded
in an anaerobic environment. So it is necessary to investigate the
byproducts under aerobic conditions.

For pollutant degradation and conversion of value-added prod-
ucts, different pollutants and organic compounds exhibit varying
oxidation potentials. Therefore, the position of the VB in photocata-
lysts is crucial as it determines whether the h* can directly oxidize
pollutants. Additionally, it is important to examine whether the re-
action sites of these pollutants attacked by active sites follow any
universal patterns. Moreover, the products generated by oxidation
through ‘OH and h* may differ, and these differences need to be
further explored.

For the implementation of dual-functional photocatalysis in real
life, the development of efficient and stable photocatalysts is the
key to realizing the practical application of photocatalysis technol-
ogy. Moreover, most semiconductor photocatalysts have a low uti-
lization rate of visible light, which limits their practical applica-
tion. The high cost of photocatalytic hydrogen production technol-
ogy limits its large-scale application. It is both logical and energy-
efficient for H, production to utilize hydrogen sources derived
from pollutants or organic matter.

Moreover, improving photocatalytic efficiency requires under-
standing the kinetics and thermodynamics of charge separation,
transfer, and surface reaction dynamics, providing a theoretical
basis for catalyst design and reaction optimization. In addition,
despite the significant progress in synergistic dual-functional
photocatalysis, several challenges remain to be addressed before
practical application. First, the scalability of material synthesis is
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limited, as many current methods rely on complex procedures or
costly precursors. Second, long-term stability under real operating
conditions, particularly in the presence of competing ions or
fluctuating light intensities, requires further investigation. Finally,
overcoming the intertwined challenges of scalable synthesis,
operational stability, and economic feasibility will be pivotal for
advancing dual-functional photocatalysis from laboratory studies
to sustainable industrial applications.

6. Conclusion

In this mini-review, recent advances in dual-functional photo-
catalysts for simultaneous hydrogen evolution and pollutant degra-
dation were summarized. Widely studied materials include metal
oxides/sulfides, MOFs, and g-C3N4. Common strategies to enhance
photocatalytic activity involve metal and nonmetal modification,
sensitization, morphology engineering, p-n heterojunction forma-
tion, and the use of co-catalysts. Efficient photocatalysis relies on
the simultaneous utilization of holes and electrons for pollutant
degradation and hydrogen production under suitable irradiation
conditions. This requires an appropriate band structure that en-
ables effective charge transfer, as well as strategies to improve
electron-hole separation and suppress recombination, thereby en-
hancing photocatalyst reactivity.
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